SIUnmary
Introduction
In a previous paper (Yudkin & Cohen, 1975) it was shown that nephrectomy reduced the rate at which an animal can remove a lactic acid load from the circulation. When rats were made acidotic by oral administration of ammonium chloride 4-6 h previously, the rate of lactate removal was unaffected, but in nephrectomized animals the rate of removal was diminished by acidosis. It was suggested that an increased renal contribution to lactate removal in acidotic animals partly compensated for a concurrent slowing of extrarenal lactate removal. It was also demonstrated that only a small proportion of the renal contribution to lactate removal could result from urinary excretion of lactate ions. In the preceding paper (Yudkin, Cohen & Slack, 1976) we have reported studies on the haemodynamic effects of acidosis and nephrectomy; no differences were found between the groups of nephrectomized and of sham-operated rats which could account for the differences in lactate handling seen.
The remaining possible explanations for the apparent renal component of lactate removal are either renal metabolic removal of lactate or a hormonal effect of the kidney on lactate removal elsewhere in the body. In the present work, further studies of lactate removal have been performed on the isolated perfused rat kidney in order, first, to determine whether acute lowering of perfusate pH stimulates the intrinsic renal removal of lactate and, secondly, to establish the effects of previous acidosis in viuo on lactate handling by the perfused kidney.
Methods

Experimental design
Studies of lactate removal from the medium and glucose output were performed in the perfused rat kidney by an adaptation of the method described by Nishiitsutsuji-Uwo, Ross & Krebs (1967) . The apparatus was modified from that described by Cohen, Iles &Lloyd (1973) . The modifications in the perfusion apparatus were as follows: (a) an anaeroid sphygmomanometer was employed to measure perfusate pressure; (b) a Millipore filter of 14 pm pore size was included in the arterial line.
The arterial cannula consisted of a Gillette disposable Serum I1 needle (internal diameter 0.7 mm, external diameter 1.1 mm) filed off 2 mm below the bevel. The venous cannula was a 10 cm length of Portex polythene tubing, size PP270 (Portland Plastics Ltd). The ureter was cannulated with Portex polythene tubing size PP10. For some experiments urine collection was made directly from this cannula; in the remaining experiments urine was recycled by inserting the distal end of the cannula into the venous limb of the perfusion circuit.
The perfusion medium was modified slightly from that described by Nishiitsutsuji-Uwo et al. (1967) . The medium consisted of a solution of fraction V bovine serum albumin (60 g/l) in the physiological buffer of Krebs & Henseleit (1932) modified in that the concentration of calcium was 1.6 mmol/l, which is the estimated ionized calcium concentration in rat serum (Spector, 1956; McLean & Hastings, 1935) . Albumin was pre-dialysed against the same buffer solution for 48 h (four changes) and stored deep-frozen.
The voIume of perfusate for each experiment was 130 ml. To this was added L ( +)-lactic acid (Sigma Chemicals Ltd) previously neutralized to pH 7.4 with sodium hydroxide. The pH of the solution was adjusted to 74-7-45 with sodium bicarbonate solution (1 mol/l). The final concentration of lactate was then approximately 10 mmolll. In some experiments medium of pH 643-7.1 was used; this was achieved by replacing part of the bicarbonate ion by extra chloride ion in the same concentration during preparation of the buffer solution. Before each perfusion, the medium was filtered through a 14 pm pore size Millipore filter and then through a filter of 1.2 pm pore size. The perfusate was then introduced to the circuit and was equilibrated at 37"C, and gassed with Oz/C02 (95:5, vlv) for 30 min. During this time bubbles of air were cleared from the arterial side of the circuit.
Male Sprague-Dawley rats weighing between 350 g and 500 g were used. They were maintained on a normal diet and had free access to food and water until the time of the experiment. Some animals were made moderately to severely acidotic (blood pH 6-7-7.1) by oral administration of ammonium chloride solution (1.87 molll) in doses of 25-40 mrnollkg body weight between 4 and 6 h before commencing the experiment.
The operative technique employed was very similar to that described by Nishiitsutsuji-Uwo et al. (1967) . At the stage of injecting heparin into the inferior vena cava, a blood sample was withdrawn from each animal for measurement of pH. Acidotic rats were found to suffer a high operative mortality under pentobarbitone anaesthesia; for these animals a tracheostomy was performed and the rat was ventilated by means of a piston pump set at a rate found empirically to maintain arterial Pco2 at 25-30 mmHg, the range found in unanaesthetized animals of blood pH 6.7-7.1. All perfusions were performed at constant perfusate flow rate (30 mllmin).
Experimental protocol
In preliminary experiments, the rate of lactate removal from the medium was measured at intervals of 10 min over the course of 1 h. For these experiments, urine was collected in order to measure lactate excretion; in addition arteriovenous differences in Po2, Pcoz and pH were determined, and the effect of varying lactate concentration in the medium was assessed. The first sample was taken 5 min after commencing perfusion of the kidney, from the arterial side of the perfusion circuit, and urine collection was commenced into a pre-weighed tube at the same time. Samples of venous perfusate were collected at the beginning and end of the 60 min period of study. A weighed swab of dry cotton wool was placed on the surface of the preparation to collect any fluid leaking from the perfused kidney. Urine and fluid leakage volume over the 1 h period were measured. Lactate concentrations were measured on each arterial perfusate sample, on urine and on leakage fluid expressed from the cotton wool. The first and last arterial sample, and both venous samples, were analysed for Po2, Pcoz and pH. The volume of perfusate remaining at the end of the study period was measured.
Estimates of glomerular filtration rate in this preparation have been reported elsewhere (Yudkin, 1975) ; initially, mean filtration rate was 0.58 ml/min and fell to 0.35 mllmin after 60 min.
The remaining experiments were performed to assess the effects of pH change on lactate removal by the perfused rat kidney; glucose output was also measured during these experiments. Urine was recycled for all these perfusions; thus in these experiments the excretory component of lactate removal was eliminated. Comparisons were made between the effects of acidosis in vitro and in vivo.
The perfusions of kidneys from rats in normal acid-base status (group I) began with medium of pH 7.4-7.5, and a 20 rnin equilibration period was allowed. Lactate removal and glucose output were then measured over the course of 30 rnin (20-50 min period). During the next 5 min, one of three different solutions was added to the perfusate. (a) Group Ia: physiological buffer (10.0 ml), which produced no significant alteration in medium pH. (b) Group Ib: hydrochloric acid solution (0.3 mol/l; 6.0 ml) with physiological buffer (4.0 ml), which caused a fall in pH to 7-1-7.2. (c) Group Ic: hydrochloric acid solution (0.3 mol/l; 10.0 ml), which produced a fall in pH to 66-7-0. All additions were made with a constant-infusion pump. After a 5 min mixing period, a second observation period of 30 min was commenced (60-90 min), lactate removal and glucose output again being measured. The final volume of perfusate was determined, and for each period (20-50 min, 50-60 min, 60-90 min) fluid leakage from the kidney was determined from the weight increase of a piece of cotton wool resting on the surface of the preparation.
Perfusions of kidneys of moderately acidotic rats (group 11) and severely acidotic rats (group 111) were performed using a similar protocol. These perfusions were commenced with medium varying in different experiments between pH 6.7 and 7.5; during the period 50-55 min, a volume of 10 ml of physiological buffer was added in which the bicarbonate concentration was adjusted to that which had been found previously to maintain unaltered the pH of the perfusate.
Lactate and glucose removal and output were calculated in each period from the initial and final volumes and concentrations in the medium, allowing for leakage and additions to the perfusate, assuming that leakage was vascular in origin. If C is the rate of renal lactate consumption, P the leak rate, V the volume of medium, L the lactate concentration, and if P and C are assumed to be constant over the period of observation, then it may be shown that
where the subscripts refer to time t and zero time. A corresponding formula was used for glucose output. All values of lactate removal and glucose output have been expressed as m o l min-' g-' dry kidney wt.
Anabtical metho&
Perfusate and blood pH and perfusate and urine lactate concentrations were measured by methods previously described (Yudkin & Cohen, 1975 ).
All lactate concentrations were calculated as mmol/l of perfusate or mmol/l of urine. Blood and perfusate Pcoz and Poz were measured with the Radiometer BMS 3 blood gas analyser.
Perfusate glucose concentrations were determined on samples of 0.5 ml added to sodium fluoride bottles (F0/2; Stayne Laboratories). The technique used was an Autoanalyser adaptation of a glucose oxidase method employing a peroxide colour reagent (Boehringer Kit 15755, made up to 1 litre) and comparing the extinction at 420 nm against those of a standard curve. An estimate of the within-assay &cient of variation of repeated measurements of glucose concentration on the same sample was 2.1%. The mean recovery of glucose added to perfusate to cover the range of concentrations in the present experiments was 101.4% (SD 4.5%, n = 10).
Statistical methods
Statistical analysis of the data was performed by non-paired Student's t-tests, or by the non-parametric Mann-Whitney U-test (Siegel, 1956 ) for non-normally distributed data or when groups were compared in which variances were unequal as judged by Fisher's F-test. For paired data, the paired Student's t-test or the Wilcoxon test for nonnormally distributed data was employed. Simple linear regression analysis was also used (Snedecor & Cochran, 1967) . Mean values are expressed i 1 SEM.
Results
Characteristics of the perfwed kidney under normal
acid-base conditions
In these experiments, the pressure of fluid in the arterial line varied between 100 and 150 mmHg and tended to rise by 10-20 mmHg during 90 min perfusion. Fluid leakage from the surface of the preparation was slow when arterial pressure was less than 150 mmHg; the mean volume of leakage over 90 rnin in perfusions of kidneys from nonacidotic animals was 6.6k1.2 ml (n = 18). The mean lactate concentration in leakage fluid was 107.6 1 1.8% (n = 17) of that in the perfusate during the same period. Mean urine production in twentyone experiments was 4.07 & 0-94 ml in 60 min.
The mean arteriovenous differences in Po+, Peon and pH were: for Poz, 292k24 mmHg; for Pco2,-1.68 20.35; for pH, 0.022k0.004 (n = 21).
The range of venous Poz was 95477 mmHg. The mean oxygen uptake of the perfused kidney in these experiments was 1991 1191 pmol h-' g-I dry kidney wt. using a solubility coefficient of 0.0218 mllml of perfusate (Altman & Dittmer, 1971) .
In forty-six kidneys perfused for 90 min the wet to dry weight ratio was 56050.12, which was significantly greater (P <0.001) than that for unperfused kidneys (4.37 kO.05, n = 17).
The rate of lactate removal (excluding leakage and urinary excretion) from the medium in twentyone perfusions at normal medium pH (7.47 ? 0.01) is shown in Fig. 1 . It may be seen that the rate of lactate removal was linear over 60 min. The mean removal of lactate from the medium in these experiments was 7.69k1.06 pmol min-I g-l dry kidney wt. There was no correlation of lactate removal with perfusate lactate concentration over the range of concentrations employed (7-25 mmol/l; P>0-4, n = 21).
Effect ofpH on lactate removal andglucose output by the perfused kidney
In eighteen experiments (group I) the effect of pH change during the perfusion was assessed in kidneys from rats in normal acid-base status. Urine was recycled during these perfusions. The perfusions were grouped according to the perfusate pH in the last period (see Table 1 ). There was no significant difference in perfusate pH between the groups during the first observation period. Initial lactate concentration was 8-1 5 mmol/l in all perfusions and was comparable in all groups. It may be seen that lactate uptake was similar in all groups in the first period; overall mean lactate uptake in all eighteen experiments was 5.64+050 pmol min-I g-I dry kidney wt., which is not significantly different from the rate measured in the preliminary experiments
The effects of addition of physiological buffer and hydrochloric acid are also shown in Table 1 . In those experiments in which pH was not significantly altered between the two periods of observation (group Ia) lactate removal was virtually unaffected by addition of physiological buffer. When hydrochloric acid was added, a fall in pH to below 7-1 (group Ic) always caused a reduction (mean 51.8%) in lactate removal (P z 0.02), but a lesser reduction in pH to 7.1-7.2 (group Ib) invariably caused an increase (mean 65.8 %) in lactate removal (P < 0.01).
The rate of glucose output was also observed in thirteen of these perfusions ( Table 2) . At normal perfusate pH, mean glucose output in the first 20 rnin of perfusion was 1-82f0.18 pmol min-' g-I dry kidney wt. There was marked variability of glucose output between different preparations. During the period 20-50 min the mean output was 0.79f0.13 pmol min-' g-' dry kidney wt., and accounted for 28% of lactate removal over the same period. In the same perfusions, glucose output between 60 and 90 rnin was observed at different pH values and compared with that in the preceding 30 rnin period; the results are shown in Table 2 . In all three groups of perfusions, there was a slight but insignificant increase in glucose output between (P> 0.1). 
Efect of acidosis in vivo on lactate removal and glucose output by the perfused kidney
In twenty-eight experiments the kidneys of animals made acidotic 4-6 h previously were perfused with medium at various pH values. The rate of lactate removal was found to be affected by the pH of the animal, but not by the perfusate pH. For this reason, the animals are divided into two groups: those where inferior vena cava blood pH was above 6.9 (moderately acidotic, group 11) and those in which it was below 6.9 (severely acidotic, group 111). Lactate removal in the 20-50 min period in each group was compared with lactate removal by kidneys of rats in normal acid-base status (group I) during the same period (Table 3 ). Perfusate lactate concentration was similar in all groups. It may be seen ( Table 3) that perfusate pH did not affect the rate of lactate removal by kidneys in group 11.
The overall mean lactate removal by the kidneys from moderately acidotic animals (group 11) in the 20-50 min period was 6.98 TO.70 ,umol min-I g-I dry kidney wt. Although this was 24% higher than mean lactate removal by kidneys from animals in normal acid-base status (group I) the difference was not significant (P> 0.1).
Lactate removal by kidneys in group I11 was also unaffected by perfusate pH. Kidneys from severely acidotic animals (group 111) showed an overall mean lactate removal of 4.89 f0.41 pmol min-' g-' dry kidney wt., which was not significantly lower than mean lactate removal by kidneys in group I (P > 0.2).
In all perfusions in group I1 lactate removal was lower in the 60-90 rnin period than in the preceding period (P < 0.02). In perfusions of kidneys of severely acidotic rats (group 111) there was a similar reduction in the rate of lactate removal in the 60-90 rnin period, compared with the 20-50 rnin period, when perfusate pH was 6.5-7.2 (P < 0.005); however, in three preparations where perfusate pH was 7.40-7.55, lactate removal increased by approximately 35 % (see Table 3 ).
The values of glucose output by the kidneys of acidotic rats are shown in Table 4 . Mean glucose output from kidneys of group I1 during the h t 20 rnin of perfusion was similar at all perfusate pH values, and was significantly greater than that for kidneys of normal rats (P<O.OOl). Kidneys from severely acidotic rats (group 111) behaved differently when perfused with medium of different pH values; with a perfusate pH of above 7.0, glucose output was similar to that from kidneys of moderately acidotic rats, but when perfused with medium of lower pH, glucose output was significantly reduced (P < 0.05).
In the 2G50 rnin period, glucose output by all kidneys was reduced to 4040% of that occurring in the first 20 rnin (see Table 4 ). Between 20 and 50 min, glucose output accounted for 57% of lactate removal in kidneys of moderately acidotic rats (group II), and between 40 and 80% of lactate removal in kidneys of severely acidotic rats (group 111). All perfusions of acidotic kidneys showed further reduction in glucose output in the 60-90 min period ( Table 4 ). The glucose output during this period was not significantly different from overall glucose output by kidneys from normal rats in either group of acidotic kidneys at any perfusate pH.
Discussion
In the experiments reported here, the rat kidney has been perfused in situ. The advantage of this method is that it involves less handling and therefore less potential damage to the kidney. On the other hand, the disadvantage of the present technique is that any fluid leaking from the preparation cannot be returned to the reservoir, and a correction for volume must be incorporated in the calculation of metaboIic rate.
The rates of glomerular filtration (Yudkin, 1975) and oxygen uptake by the perfused kidney were similar to those reported by Nishiitsutsuji-Uwo et al. (1967) . In no experiment was venous Poz found to fall below 95 mmHg, so it has been assumed that oxygen supply to the kidney was adequate.
Lactate removal was constant between 5 and 90 rnin after commencing perfusion of kidneys of fed rats in normal acid-base status. In perfusions of kidneys of acidotic rats, however, lactate removal between 60 and 90 rnin was nearly always reduced compared with the preceding period; the only exception was in those experiments where kidneys from severely acidotic rats were perfused with medium of pH 74-75, when an increase in lactate removal of 35% was seen in the 60-90 rnin period.
Glucose output by kidneys of rats in normal acidbase status was similar in the 20-50 rnin and 60-90 rnin periods; during the first 20 rnin of perfusion, however, glucose output was over twice as rapid. The content of glucose and glycogen in the kidneys of fed rats is 14 pmol/g dry kidney wt. (Krebs, Bennett, de Gasquet, Gascoyne & Yoshida, 1963) measured as glucose equivalents, and these stores could provide as much as 70% of the excess glucose output during the first 20 min of perfusion. Glucose output by the kidneys of acidotic rats was greater in the 20-50 min period than the 60-90 min period. Therefore the rates in vitro of both lactate removal and glucose output by kidneys of non-acidotic rats were linear with time, but in preparations from acidotic rats a non-linear time-course was found.
We have demonstrated that a reduction in perfusate pH to 7.1-7.2 after 50 min of perfusion stimulated lactate removal by 65%, but a further reduction impaired lactate uptake. Glucose output was unaffected by acute changes in pH. Bowman (1 970) found that perfusion of kidneys of starved rats at pH 7.23 increased glucose output from L-lactate when compared with perfusion at pH 7.45, but Hems & Gaja (1972) found equal glucose output at pH 7.1 and pH 7.4 from L-lactate as substrate. The effect of pH on lactate removal was not measured in these two studies.
When kidneys of moderately acidotic rats were perfused, an increased rate of lactate removal was seen, compared with that by kidneys of normal rats, of around 24%. Although this increase was not significant, it may be noted that the time-course of lactate removal was non-linear in these perfusions, so that initial rates of lactate removal may be greater. Severe acidosis in vivo impaired lactate removal in vitro, but if the kidneys were perfused at pH 74-7.5, this impairment was reversed. Initial glucose output was significantly stimulated by acidosis in vivo; the only exception was in the kidneys of severely acidotic rats perfused with medium of pH less than 7.0.
The present studies provide no detailed explanation of the mechanism of the effects described. It may be noted that the ratio of glucose output to lactate uptake varied widely between the different groups, but was always well below 0.5. The stimulation of lactate removal by acute lowering of perfusate pH in kidneys from animals of normal acid-base status was unaccompanied by increased glucose output and was, therefore, not likely to be due to the stimulation of the phosphoenolpyruvate carboxykinase system, which has been observed by Alleyne & Scullard (1969) in kidney slices taken from rats made acidotic with ammonium chloride. Furthermore, Alleyne (1970) was unable to demonstrate any increased activity of this rate-limiting enzyme until 4 h after administration of ammonium chloride, whereas in the present experiments the stimulatory mechanism must have acted within 30 min. In kidneys taken from animals made acidotic over 4-6 h the increased rates of lactate removal and glucose output initially observed slowly declined during perfusion, in contrast to the behaviour in kidneys from animals of normal acid-base status. This suggests that the process of perfusion, even at acid pH, removes some stimulatory factor which has accumulated in vivo. A somewhat analogous factor obtainable from the plasma of acidotic rats which increases the renal uptake of glutamine has been described by Alleyne & Roobol(l974) .
We have previously demonstrated (Yudkin & Cohen, 1975) that in the acidoticrat an increase in the renal contribution to lactate removal partly compensated for a simultaneous decrease in extrarenal lactate removal. The results of the present experiments suggest that the apparent renal contribution to the removal of a lactate load is at least partly due to uptake of lactate ions and their metabolism by the kidney. However, renal lactate removal in vitro was apparently inhibited by perfusate pH below 7.0, whereas in vivo the renal contribution to lactate removal continued to increase with decreasing blood pH. A possible explanation for this difference in behaviour was that, in the perfused kidney, perfusate Pco2 was maintained unaltered during acid perfusions, whereas during acidosis in vivo, a fall in blood Pcoz occurred. Intracellular pH was therefore likely to be lower at a given extracellutar pH in the perfused kidney than in vivo. The very rapid stimulation of lactate removal during acute acidosis demonstrated in these studies suggests that the kidney in vivo may play an important role in lactate and acid-base homeostasis in acute acidosis as well as in acidosis of greater duration. 
